Abstract-A structure's level of damage is determined using a real time that comes with significant computational cost and non-linear model-based method utilizing a Bouc-Wen hysteretic complexity. Moreover, like other linear approaches they are model. It employs adaptive least mean squares (LMS) filtering not applicable to the typical non-linearities found in seismic theory in real time to identify changes in stiffness due to modeling error damage, as well as permanent displacements, which are structural responses. critical to determining ongoing safety and use. The structural
I. INTRODUCTION Due to a variety of practical constraints, direct high
Structural health monitoring (SHM) is the process of frequency measurement of displacement and velocity is not comparing the current state of a structure's condition relative typically possible. Displacement and velocity are often to a baseline state to detect existence, location, and degree of estimated by integration of measured acceleration and are likely damage, particularly after a damaging input [1] . SHM subject to drift and error. However, this error can be corrected can simplify typical procedures of visual or localized using low frequency displacement data obtained via a variety experimental methods, as it does not require visual inspection of sensors, such as ground-based GPS or fibre optics. The work of the structure. It thus provides valuable data for post-event described below is predicated on the idea that emerging high safety assessments to help optimize recovery planning. speed line scan cameras can offer a robust and high speed Many current vibration-based SHM methods are based on displacement measure required for the modified LMS-based the idea that changes in modal parameters; frequencies, mode SHM algorithm proposed for non-linear yielding structures shapes and modal damping, are a result of changes in the undergoing seismic excitation. physical mass, damping, and stiffness properties of the structure [2] . These modal methods are typically more II. DEFINITION OF THE SHM PROBLEM applicable to steel-frame and bridge structures where vibration A seismically excited structure can be modeled using Bouc- response is highly linear [2] [3] . Wavelet approaches offer a Wen hysteretic equations of motion [8] [9] : similar approach as well as determining the time at which damage occurred.
A major drawback of all these approaches is their inability to hence equations (7)- (9) and can be a function of time. Identifying the AKp term enables entries of 1, -1, and 0 in Equation (7). Rewriting (6) using (7)the structure's condition to be directly monitored without using (11) 
where Fk is the input load at time k, and v7k vk and vk are Minimizing the mean square error (MSE) with respect to the measured displacement, velocity and acceleration at time k, aij using Equation (17) (LMS) algorithm is one of the most widely used of all of displacement and velocity is not typically possible. A high the adaptive filtering algorithms and is relatively simple to speed displacement sensor would provide displacement, and implement. It is an approximation of the Steepest Descent could be used to derive velocity at low added computational Method using an estimator of the gradient instead of its actual cost. Estimating the velocity using both acceleration and value, considerably simplifying the calculations and to be displacement data would provide a more precise estimation of readily performed in real-time applications. The goal in this the velocity. To measure displacement of a real structure at case is to model the individual, scalar elements of the signal Yk high rates, this paper proposes but does not explore the method of (15) using the adaptive LMS filter.
proposed in [11] . Using only one high speed line scan camera
In adaptive LMS filtering, the coefficients are adjusted from and a special pattern explained in [11] , multiple displacements sample-to-sample to minimize the mean square error (MSE), and motions can be determined in real-time at rates of up to between a measured noisy scalar signal and its modeled value 15kHz. This is more than sufficient for the structural seismic from the filter. SHM problem.
V. SIMULATED STRUCTURE value of vtrue (t) ,ft, and for acceleration with the mean absolute
The algorithm was tested using simulated input data in order value of v (t) f to provide proof of concept and quantify the effects of noise in ue measured data on the accuracy of the identified parameters AKp and permanent displacement. MATLAB was used to VI. RESULTS simulate the responses of the structure shown in Figure 1 using Typical responses of the bottom story of the simulated fourNewmark-j integration method. Each storey in this building story shear building under the El Centro earthquake are shown has a pre-yield stiffness of 1610N/m and mass of lkg, resulting in Figure 2 . Simulated responses of the structure in damaging in an undamped fundamental natural period of 0.45s for the event with 10% uniformly distributed noise added, have been structure. This period was chosen to closely match the natural used usdto identify changes in structural stiffness using the period of the laboratory structure, which has been calculated at adaptive LMS method. As shown in Figures 3 and 4 , in both 0.47s [12] . A diagonal mass matrix was used in simulation.
sudden and gradual failure cases, AKP converges to the actual value within less than a second using 10 The laboratory structure has been calculated to have between Running the simulation with estimated noisy values for 0.9% and 2.9% damping, depending on the magnitude of changes in pre-yield stiffness of the structure to obtain response [12] . Thus, the following damping matrix was identified responses of the damaged structure using Newmarkconstructed for the simulated structure using the equivalent method and Equation (14), and then using f3 integrationmehdadEuhn(4,adtn sg viscous damping approach assuming 2% damping in each Equation (5) has also been shown. The figure clearly shows that as the filter Each storey was given a yield displacement, Y, of 0.04m, approaches its final value for changes in stiffness, the shaping parameter, n, of 2, and a bilinear factor, a=0.9. These permanent deflection approaches its actual value and the error parameters were chosen to provide realistic non-linear becomes smaller. Even immediately after the damage, the error structural behavior.
is within 20% of the true simulated values and falls within 10%
The simulated structure was subjected to the El Centro after one second. earthquake record, with a 10% reduction in pre-yield stiffness applied to the bottom story at a time of 10 second. Data was recorded at 500Hz. Noise was applied after simulation using the following equation for each story response:
LMS Adaptive filters and non-linear Bouc where noisy displacement, Vtrue simulated case studies with realistic sensor noise on responses displacement from simulation, T is the total time span of the of the structure. The proposed filter based identification earthquake, p is the percentage of noise to be applied, fd the approach to SHM problems in comparison with existing mean absolute value of v7true(t) over the time span 0 < t < T, adaptive methods makes permanent deflection identification and cf is a uniformly distributed random variable lying between possible, which is critical for determining ongoing safety of the -1 and 1. Noisy velocity and acceleration were also obtained structure. using the same procedure for velocity with the mean absolute 
